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We have studied the tunneling properties of GaSb/AlSb/InAs/AlSb/GaSb heterostructures, in which elec-
trons and holes accumulate in the InAs and GaSb regions, respectively, under a magnetic field parallel to the
interfaces. The low-temperature (T54.2 K), zero-bias magnetoconductance has shown a behavior with field
that evidences the two-dimensional character of both electrons and holes and that has allowed us to determine
the hole density and the electron-hole separation. The observed field dependence of the current-voltage char-
acteristics is explained by the relative change in parallel momentum of electrons and holes induced by the field.
DOI: 10.1103/PhysRevB.66.195311 PACS number~s!: 73.40.Gk,73.50.JtMany interesting transport phenomena have been reported
on bilayer systems formed by two-dimensional ~2D! electron
gases separated by a potential barrier,1,2 for example, Cou-
lomb drag3–5 and fractional Hall states.6 Lately, electron tun-
neling between two 2D gases at high magnetic fields has
received special attention because of the observation of a
dramatic dc-Josephson-like behavior at very low
temperatures.7 These bilayer systems are usually imple-
mented in GaAs/AlGaAs double quantum wells, in which it
is possible to make separate contact to the 2D gases and to
control the carrier density of each of them.8
The experimental results have in turn stimulated theoret-
ical studies,9–12 which have been extended to a system
formed by separate 2D electron and 2D hole gases ~2DEG
and 2DHG, respectively! in parallel planes, interacting with
each other.13–15 Such a system is appealing, among other
reasons, because it offers the possibility of forming a gas of
excitons aligned perpendicularly to the planes, a configura-
tion which, according to theoretical predictions, may lead to
Bose-Einstein condensationlike phenomena.16,17
Unfortunately, in the type of heterostructures exemplified
by GaAs-GaAlAs it is not easy to realize a coupled 2DEG-
2DHG system in equilibrium. Because of the relative band
alignment of these two materials, the separation between
high-mobility 2DEG and 2DHG is in practice too large for
exciton formation. In addition, it is difficult to make separate
Ohmic contacts to the two gases.18–20
An alternative system for the observation of 2DEG-
2DHG phenomena is that formed by InAs/AlSb/GaSb.21
Since the top of the GaSb valence band is higher in energy
than the bottom of the InAs conduction band, when these
two materials are brought together, negative charge is trans-
ferred from GaSb into InAs, creating holes and electrons,
respectively, at the interfaces of those layers. AlSb is used as
a barrier, whose thickness controls the strength of the
electron-hole interaction and the amount of charge trans-
ferred between GaSb and InAs.
For vertical transport, a typical configuration is GaSb-
AlSb-InAs-AlSb-GaSb, whose tunnel current-voltage (I-V)
characteristic exhibits a sharp negative differential conduc-
tance, even at room temperature.22,23 This behavior results
from the tunneling of electrons accumulated in the InAs well
to hole states in the collecting GaSb electrode, followed by
tunneling of valence-band electrons from the emitter into the0163-1829/2002/66~19!/195311~4!/$20.00 66 1953InAs well. ~Alternatively, the process can be understood in
terms of holes tunneling from one electrode to the other via
conduction-band states in InAs.!
The 2D character of electrons in InAs has been demon-
strated by Shubnikov–de Haas ~SdH! oscillations that appear
in the zero-bias magnetotunneling conductance with a field
perpendicular to the heterostructure’s interfaces.24,25 The
holes, although essential to explain the tunnel I-V character-
istics and their dependence on hydrostatic pressure26 are
much more elusive. No direct signature of holes or their
number, let alone their 2D character, has been found so far in
magnetotunneling measurements.
In this work we show that the presence of 2D holes is
apparent when a magnetic field is applied parallel to the in-
terfaces ~in-plane field!. We have found that the zero-bias
tunneling magnetoconductance exhibits two sharp maxima at
fields that are unambiguously related to the presence of 2D
electrons and 2D holes with different densities. The behavior
of the dependence of the I-V characteristics on magnetic
field is consistent with the carrier densities determined from
the zero-bias measurements.
The GaSb-AlSb-InAs-AlSb-GaSb heterostructure used in
this study consisted of a 150 Å InAs well and 40 Å AlSb
barriers, with p-type GaSb electrodes. ~Details of the band
structure and materials preparation have been published
before.24! Previous tunneling measurements24 on this struc-
ture under a perpendicular field yielded a 2D electron density
of 1.231012 cm22, a number significantly larger than that
expected from the intrinsic transfer of carriers from GaSb.27
For the work described here, the tunneling current be-
tween the two p-type electrodes was measured under an in-
plane magnetic field H of up to 26 T and at a temperature of
4.2 K. The dependence of the zero-bias conductance on in-
creasing field, shown in Fig. 1, can be summarized as a very
rapid increase at around 5 T peaking at 5.8 T, followed by a
gradual decline except for a secondary peak at 16.3 T.
Similar ‘‘double-peak’’ behavior has been observed before
in the tunneling magnetoconductance of GaAs/AlGaAs
double quantum wells,28,29 and has been explained in terms
of field-induced singularities in the tunneling conductance of
two 2D electron gases. In the GaSb-AlSb-InAs-AlSb-GaSb
case considered here, the situation is more complex. Not
only are there three tunneling regions, two of them with©2002 The American Physical Society11-1
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ality of the holes is in principle unclear.
Before analyzing the result plotted in Fig. 1, the question
to be addressed is whether the magnetoconductance shows
any singularity when tunneling happens between a 2D and a
3D system. To answer it, it is useful to trace the origin of the
conductance peaks in 2D-2D tunneling in GaAs/GaAlAs bi-
layers. In this case, when an in-plane magnetic field H i is
applied the two ~initially concentric! Fermi circles are shifted
relative to each other by an amount kH5edH i /\ , where d is
the center-to-center distance between the two gases. The
magnetoconductance can be expressed mathematically as30,31
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J0 is the zero-field tunneling integral, f (h) is the Fermi
function, and r ik(h) is the density of states in the ith layer.
In the case of two 2DEGs with the same density, in the limit
of zero temperature and zero broadening at the Fermi level,
the conductance can be simplified to
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where kF is the Fermi wave vector. At zero field, i.e., kH
50, the two delta functions are identical and the conduc-
tance diverges. When kHÞ0, the allowed k values are lim-
ited to those corresponding to the two intersections of the
Fermi circles, and the conductance decreases. When kH
52kF the two intersections coincide and a new divergence
appears. The conductance diverges as H i21 for kH50 and as
H i
21/2 for kH52kF ~Ref. 30!. When broadening is included,
these two singularities become peaks, more or less sharp
depending on the broadening parameter.
If the two 2DEGs have different densities, and therefore
different Fermi wave vectors (DkF being the difference be-
FIG. 1. Zero-bias tunneling conductance vs in-plane magnetic
field in a GaSb-AlSb-InAs-AlSb-GaSb heterostructure at T
54.2 K. The conductance shows an absolute maximum for a field
of 5.8 T and a local maximum at 16.3 T. The insert sketches the
potential profile and highlights the presence of 2D electrons and
holes. CB and VB are the abbreviations for conduction band and
valence band, respectively.19531tween them!, one Fermi circle lies initially inside the other.
Then the first divergence appears when kH5DkF , and it is
of order H i21/2 instead of H i21 . Physically, the first peak
observed in the magnetoconductance occurs when the
smaller circle first touches the larger one; the second peak
corresponds to the field at which they touch for the last time.
For 3D-2D tunneling, the summation in Eq. ~1! ranges
over the whole k space and one of the delta functions in Eq.
~2! includes the variable kz . Because of the additional inte-
gration, if the Fermi wave vectors for the 2D and 3D gases
are the same then the order of the divergence is reduced to
H i
21/2 when kH→0 while at kH52kF the divergence disap-
pears. If the two Fermi wave vectors are not the same, both
divergences disappear altogether. In short, for 3D-2D tunnel-
ing the magnetoconductance should exhibit at most only one
peak.
To test this prediction, we have measured the zero-bias
magnetoconductance of a GaAs/GaAlAs double-barrier
resonant-tunneling diode with a 2DEG in the GaAs central
well. Each of the two sequential tunneling steps between the
well and an electrode can be regarded as 3D-2D tunneling.
As anticipated, we observed a gradual decrease of the con-
ductance with increasing magnetic field but no peaks what-
soever.
Once we have established what to expect in the case of
2D-3D tunneling we can go back to the analysis of the mag-
netoconductance for GaSb-AlSb-InAs-AlSb-GaSb. The pres-
ence of two clear peaks in Fig. 1 is then an unequivocal
indication that there are 2D holes in the GaSb electrodes. At
the same time, the values of the magnetic field at which the
two peaks are observed allow us to determine the ratio of
2DEG to 2DHG densities Nh /Ne as well as the effective
separation d between these gases.
We start by considering three Fermi circles, two identical
ones for the holes and one for the 2D electrons in the InAs
well, with the radii of the former smaller than that of the
latter. ~In the ideal case, in which all the electrons are exclu-
sively a result of charge transfer from GaSb, it is Ne
52Nh , but, in general, this may not be the case.! Using as a
reference the electron Fermi circle, with increasing in-plane
magnetic field the hole Fermi circles are shifted away in
opposite directions, each by an amount kH5edH i /\ , where
d is now the effective distance between the 2D electron and
hole gases ~see Fig. 2!.
The symmetry of the structure discussed here makes it
reasonable to assume that both hole gases have the same
density, in which case the situation becomes similar to that of
two 2D gases. The first conduction peak appears at H1, the
field for which the first contact between the electron and hole
Fermi circles occurs @Fig. 2~a!#, and the second peak at H2,
when those circles touch each other for the last time @Fig.
2~b!#. From elementary geometry it is straightforward to get
expressions for the Nh /Ne ratio, as well as d, in terms of H1
and H2,
Nh
Ne
5S H22H1H21H1D
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Using the values of H155.8 T and H2516.3 T from Fig.
1 and Ne51.231012 cm22 determined previously,24 we ob-
tain Nh52.731011 cm22 and d5164 Å. This value for Nh
is considerably less than the ideal Ne/2, which confirms the
presence of extrinsic sources of electrons in InAs/AlSb
heterostructures.32 Since the determination of Nh relies on
two quantities H1 and H2, measured directly, the value for
Nh should have only a small uncertainty. This is in contrast
with a previous, more indirect determination that yielded a
value of 4.531011 cm22 for Nh ~Ref. 26!. This earlier num-
ber should be seen just as an estimate, as it was based on a
linear extrapolation of the dependence of the peak current on
the electron density, derived from hydrostatic-pressure mea-
surements.
As for the effective separation between the 2D electrons
in InAs and the 2D holes at the GaSb interfaces, the 164 Å
value obtained here is quite reasonable, considering that the
barrier thickness is 40 Å and that half of the InAs well width
is 75 Å. The 49 Å difference up to 164 Å represents the
average distance of the hole wavefunctions to the GaSb in-
terface.
The physical picture that has emerged from the zero-bias
measurements—2D electrons and holes of different densities
tunneling into each other—is also consistent with the field
dependence of the full I-V characteristics, shown in Fig. 3.
With increasing field, the peak voltage varies little up to 6 T,
and then decreases monotonically, as summarized in the inset
of Fig. 3.
This behavior can be understood with the help of the dis-
persion curves for electrons and holes, discussed
previously25 and shown in Fig. 4 along with their respective
Fermi circles. As the in-plane magnetic field increases, the
hole dispersion curve ‘‘moves away’’ from the electron dis-
persion curve. Because of the much smaller hole Fermi en-
ergy, the voltage at which the current peaks Vp changes very
little until the field reaches H*, at which point the edge of
the hole Fermi circle coincides with the center of the electron
Fermi circle @see Fig. 4~b!#. Above that critical field, the peak
voltage ~which is almost identical to the voltage at which the
FIG. 2. Fermi circles for 2D electrons ~solid lines! and 2D holes
~dotted lines! accumulated in the InAs central well and in the two
GaSb electrodes, respectively, in the presence of a magnetic field
parallel to the heterostructure’s interfaces. ~a! Relative position of
the three Fermi circles at a field corresponding to the first conduc-
tance peak in Fig. 1. ~b! The same as in ~a! but at the field of the
second conductance peak.19531tunnel current vanishes! decreases rapidly, following the con-
tour of the electron dispersion curve @Fig. 4~c!#, and it can be
expressed as
VH’
ed2
2m* H
2
, ~5!
where m* is the electron’s effective mass.
With the values obtained above for Nh and d, we can
easily estimate the critical field H*. The calculated value of
6.2 T is very close to the field at which experimentally the
peak voltage starts to shift ~see inset of Fig. 3!. Finally, by
fitting the observed dependence of VH on H ~for H.H*) to
Eq. ~5!, one can obtain d. Using m*50.027m0 ~which in-
cludes nonparabolicity effects! for the InAs effective mass,
the fit yields d5137 Å, which, although smaller, is in rea-
sonable agreement with the 164 Å value obtained above.
FIG. 3. Tunnel current-voltage characteristics for the same het-
erostructure as in Fig. 1, for selected in-plane magnetic fields from
0 T ~top curve! to 14 T ~bottom curve!, every 2 T. For clarity, the
traces have been shifted vertically with respect to each other. As
shown in the inset, the peak voltage changes very little with field
until 6 T, and then shifts to lower values, nonlinearly with the field.
FIG. 4. In-plane dispersion curve and Fermi circles for 2D elec-
trons ~solid lines! and holes ~dotted lines! without a magnetic field
~a!, and with an in-plane field equal to ~b!, or larger than ~c! the
critical field H*. The values V0 , V1, and V2, correspond, in each
case, to the voltage at which the current starts to decrease because
of in-plane momentum conservation.1-3
LIN, MENDEZ, AND ABANOV PHYSICAL REVIEW B 66, 195311 ~2002!To summarize, from the study of the tunneling current in
GaSb-AlSb-InAs-AlSb-GaSb heterostructures in a magnetic
field parallel to the interfaces, we have shown that the holes
that participate in the tunneling process behave as a two-
dimensional gas. We have also determined, quite directly,
both their density and average distance to the GaSb inter-
faces. The 2D character of the holes and the small electron-
hole separation are encouraging results for the formation of
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